The extracellular signal-regulated kinase (ERK)/MAPK (mitogen-activated protein kinase) cascade has been established as a potent regulator of gene transcription in long-term memory formation, but the precise mechanisms of this regulation are poorly understood. ERK does not directly affect many of its nuclear targets, but rather must act through intermediary kinases. In this study, we investigated the role of mitogen-and stress-activated protein kinase 1 (MSK1), a nuclear kinase downstream of ERK, in chromatin remodeling during hippocampus-dependent memory formation. Mice lacking MSK1 show impaired Pavlovian fear conditioning and spatial learning, as well as a deficiency in histone phosphorylation and acetylation in the hippocampus after fear training. In addition, hippocampal slices from MSK1 knock-out mice exhibit a deficiency in both histone phosphorylation and acetylation after activation of the ERK pathway in vitro. In vivo injections of a histone deacetylase inhibitor, sodium butyrate, fail to alleviate the fear conditioning deficit in MSK1 knock-out mice. Finally, MSK1 knock-out mice demonstrate a deficiency in cAMP response element-binding protein (CREB) phosphorylation after fear training, which persists after sodium butyrate injection. This suggests that CREB phosphorylation and histone acetylation represent parallel targets of MSK1 function. Our study identifies MSK1 as an important regulator of chromatin remodeling in long-term memory.
Introduction
Long-term memory formation involves complex biochemical cascades leading to changes in gene expression, accomplished partly by epigenetic mechanisms that remodel chromatin (Tsankova et al., 2004) . These include post-translational modifications of histones, which regulate the dynamic interplay between the native inhibitory state of chromatin and a transcriptionally active state (Jenuwein and Allis, 2001; Berger, 2002) . Previous studies have focused on neuronal regulation of histones, particularly in memory and synaptic plasticity (Swank and Sweatt, 2001; Guan et al., 2002; Alarcon et al., 2004; Korzus et al., 2004; Levenson et al., 2004; Chwang et al., 2006; Kim et al., 2007) . These studies suggest that chromatin remodeling contributes significantly to regulation of gene expression and neuronal function.
The regulation of histone phosphorylation is particularly intriguing, given the importance of the extracellular signalregulated kinase (ERK)/mitogen-activated protein kinase (MAPK) cascade in learning and memory. In mammalian memory tasks, activation of ERK in the hippocampus is necessary for consolidation of the memory (Atkins et al., 1998; Blum et al., 1999) . Once activated, ERK phosphorylates many targets implicated in gene transcription, protein synthesis, and synaptic plasticity (Impey et al., 1998; Adams et al., 2000; Davis et al., 2000; Goldin and Segal, 2003) . Previously, ERK was shown to regulate histone phosphorylation and acetylation in hippocampal CA1 neurons (Levenson et al., 2004; Chwang et al., 2006) , although the precise downstream molecular mechanisms are as of yet unknown.
One important histone kinase that has been identified is mitogen-and stress-activated protein kinase-1 (MSK1), a nuclear kinase downstream of ERK/MAPK and p38/MAPK (Deak et al., 1998) . MSK1 mediates the mitogen-and stress-induced phosphorylation of histone H3, cAMP response element-binding protein (CREB), ATF-1 (activating transcription factor 1), , and other transcription factors in vitro (Deak et al., 1998; Thomson et al., 1999; Wiggin et al., 2002; Soloaga et al., 2003) . Although MSK1 appears to affect multiple targets important for plasticity and memory, currently, its role in behavioral learning remains mostly unknown. Animals lacking MSK1 display an impairment of locomotor sensitization to cocaine, and have decreased phosphorylation of CREB and histone H3 in striatal neurons (Brami-Cherrier et al., 2005) . Fur-thermore, MSK1 is the major CREB kinase activated during contextual fear training (Sindreu et al., 2007) . However, it is not known whether MSK1 is required for memory formation and chromatin remodeling in the hippocampus.
In this study, we investigated the contribution of MSK1 to behavioral learning and the modulation of histones in the hippocampus. We found that the absence of MSK1 leads to deficits in multiple hippocampus-dependent tasks: long-term contextual fear conditioning, passive avoidance, and the Morris water maze. We also found that MSK1 knock-out animals have a selective deficiency in histone H3 phosphorylation and acetylation, both markers of transcriptional activation. Treatment of animals with a histone deacetylase (HDAC) inhibitor, sodium butyrate, leads to an enhancement of fear memory in wild-type mice, but not in MSK1 knock-out mice. Finally, we found that trained MSK1 knock-out mice have deficient CREB phosphorylation that persists after treatment with sodium butyrate. These results establish the importance of MSK1 in regulating hippocampal chromatin remodeling in long-term memory.
Materials and Methods
Animals. MSK1 knock-out mice were kindly provided by Dr. J. Simon Arthur (University of Dundee, Dundee, Scotland) and bred at Baylor College of Medicine. MSK1 knock-out animals were backcrossed with wild-type C57BL/6 mice for at least eight generations. Genotyping of animals was performed on offspring of heterozygote breedings, as previously described (Wiggin et al., 2002) , and littermate controls were used in all behavioral experiments. All animals were housed under a 12 h light/ dark schedule and given access to food and water ad libitum. All experiments were performed in compliance with the Baylor College of Medicine Institutional Animal Care and Use Committee as well as national regulations and policies.
Fear conditioning. All behavioral experiments were performed in the neurobehavior core at the Baylor College of Medicine Transgenic Mouse Facility, supported by the Baylor Mental Retardation and Developmental Disabilities Research Center. Before each experiment, animals were transported to the testing room and allowed to acclimate for at least 30 min. Animals were placed in the fear conditioning apparatus and allowed to explore for 2 min. Each animal then received two pairings of a white noise tone (30 s, 90 dB) immediately followed by an electric foot shock (2 s, 0.5 mA). The pairings of tone and shock were separated by 2 min. After the final shock, the animal was left in the chamber for an additional 20 s before being removed. Freezing behavior was measured during the training trial and at various time points after training (FreezeFrame Actimetrics, Wilmette, IL). For the contextual test, the animal was placed into the same chamber and freezing was measured for 5 min. For the cued test, the environment of the training chamber was altered (Plexiglas inserts, different odor). After the animal was placed into this novel context and allowed to explore for 3 min, the tone was played continuously for 3 min, and freezing behavior was recorded. For biochemistry experiments, the hippocampi were removed 1 h after fear conditioning training and processed for histone extraction or cytoplasmic/nuclear extraction.
Baseline behaviors. A number of tests were performed to measure baseline behaviors. For the open field analysis, the animal was placed in the center of a large Plexiglas box (43 ϫ 42 ϫ 30 cm) and locomotor activity was measured for 30 min (Versamax; AccuScan, Columbus, OH). The ratio of distance spent in the center of the field to total distance traveled was calculated. For the rotarod task, the animal was placed onto an accelerating rotating rod (UGO Basile, Comerio, Italy) (4 rpm to 40 rpm over 5 min) and allowed to run until the animal either rotated completely around the rod or fell off. The latency time until the animal lost control was measured. For the hot plate test, the animal was placed onto a 52°C surface and the latency time until the animal lifted or licked its paws was recorded.
Shock thresholds were measured by placing the animal into a training chamber and administering successive shocks from 0 to 0.5 mA. The thresholds to flinching, jumping, and vocalization behaviors were recorded. For prepulse inhibition, the animal was placed into an enclosed startle tube, and the force that the animal exerted on the underlying support plate was measured in response to a loud noise (Startle; San Diego Instruments, San Diego, CA). Multiple trials were conducted with noises up to 120 dB and prepulses of 74, 78, and 82 dB immediately preceding the noise. The percent dimunition of the force in response to 120 dB was measured for the different prepulses.
Passive avoidance. Animals were placed into a training chamber consisting of a dark compartment and a lighted compartment. On the first day, animals were placed into the lighted side, and the latency for the animal to step over to the dark compartment was measured. Afterward, an electric foot shock (2 s, 0.5 mA) was delivered, and the animal was removed. On the second day, animals were placed into the lighted side, and the latency for the animal to step into the dark compartment was again measured, with a maximum time of 5 min.
Morris water maze. After acclimating to the testing room for at least 30 min, animals were trained to find a hidden platform in one quadrant of an opaque pool (130 cm diameter) using visual-spatial cues. Animals were given two blocks of four training trials per day for a total of 4 d, or 8 blocks of trials. The order of start positions was varied randomly for each trial. The latency for the animal to find the platform was recorded, and the maximum time the animal was allowed to search for the platform was 60 s. After the final training trial, a probe trial was performed in which the platform was removed and the animal's swim pattern was tracked for 60 s (EthoVision; Noldus, Wageningen, The Netherlands). For the visible platform test, animals were trained to locate a submerged platform with a highly visible dark square object mounted above. Latency for the animal to find the platform was recorded.
Nissl stain. Animals were killed by decapitation, and the brains were removed, fixed in Bouin's solution overnight, and embedded in paraffin wax. Ten micrometer sagittal sections were cut, mounted on slides, and processed for Nissl staining. Sections were rehydrated successively with xylene, 100% ethanol, 95% ethanol, 75% ethanol, water, and PBS. Sections were then stained with cresyl violet solution (0.5% cresyl violet, 60 mM sodium acetate, 0.34 M acetic acid) for 10 min, washed, and dehydrated again. Images were digitally captured using a Zeiss (Thornwood, NY) Stemi SV11 microscope and XCAP V2.2 for Windows (EPIX, Buffalo Grove, IL).
Hippocampal slice preparation. Animals were killed by decapitation, and the brains were removed and immersed in ice-cold cutting solution (CS) [containing (in mM) 100 sucrose, 60 NaCl, 3 KCl, 1.25 NaH 2 PO 4 , 28 NaHCO 3 , 0.5 CaCl 2 , 7 MgCl 2 , 5 glucose, and 0.6 ascorbate]. The caudal portion of the brain containing hippocampus and entorhinal cortex was isolated, and 400 m transverse slices were prepared using a vibratome (Leica, Bannockburn, IL) and stored in ice-cold CS. The hippocampus was isolated from cortical tissue in all slices, and all hippocampi were equilibrated in 50% CS and 50% artificial CSF (ACSF) [containing (in mM) 125 NaCl, 2.5 KCl, 1.25 NaH 2 PO 4 , 25 NaHCO 3 , 2 CaCl 2 , 1 MgCl 2 , 25 glucose] for 45 min at room temperature. Slices were removed and further incubated in 100% ACSF for 45 min at room temperature, then 100% ACSF for 1 h at 32°C. Drugs or vehicle were then added to the slices for 1 h before slices were removed for processing. All solutions were continuously bubbled with 95% O 2 /5% CO 2 .
Histone extraction. Samples were homogenized for 12 strokes at 4000 rpm using Teflon grinders. All steps were performed on ice, and all centrifugations were done at 4°C. Homogenized samples were centrifuged at 7700 ϫ g for 1 min. The supernatant was stored at Ϫ80°C as the cytoplasmic fraction. The pellet containing the nuclear fraction was resuspended in 1 ml of 0.4 N H 2 SO 4 for 30 min to extract histones. Samples were centrifuged at 14,000 ϫ g for 10 min. The supernatant was transferred to a fresh tube, and 250 l of trichloroacetic acid with 4 mg/ml deoxycholic acid was added to precipitate proteins. The precipitate was incubated on ice for 30 min, then centrifuged at 14,000 ϫ g for 30 min. The supernatant was discarded, and the protein pellet was washed with 1 ml of acidified acetone (0.1% HCl) and 1 ml of pure acetone for 5 min each, with centrifugation at 14,000 ϫ g for 5 min after each wash. The final protein pellet was resuspended in 10 mM Tris pH 8 and stored at Ϫ80°C.
Cytoplasmic/nuclear extraction. Samples were processed for cytoplasmic/nuclear extraction using the NE-PER nuclear and cytoplasmic extraction reagents (Pierce Biotechnology, Rockford, IL). All steps were performed on ice, and all centrifugations were done at 4°C. Samples were homogenized in PBS with protease inhibitors and centrifuged at 500 ϫ g for 2-3 min. The supernatant was removed and the pellet resuspended in cytoplasmic extraction reagent (CER I) with protease inhibitors. After incubating on ice for 10 min, a second CER (CER II) was added. Samples were vortexed and centrifuged at 14,000 ϫ g for 5 min. The supernatant was stored at Ϫ80°C as the cytoplasmic fraction. The remaining pellet was resuspended again in nuclear extraction reagent with protease inhibitors. After vortexing and incubating on ice every 10 min for a total of 40 min, the samples were centrifuged at 14,000 ϫ g for 10 min. The supernatant was stored at Ϫ80°C as the nuclear fraction.
Western blotting. Protein concentrations were measured using commercially available reagents (protein assay concentrate; Bio-Rad Laboratories, Hercules, CA). Four times sample buffer (final concentration: 6.25 mM Tris-HCl, pH 6.8, 2% SDS, 10% glycerol, 1.25% 2-mercaptoethanol, and 0.1% bromophenol blue) was added to each sample. 1 g of protein from each sample was loaded and run on a 4% acrylamide stacking gel and 10% acrylamide resolving gel. Proteins were transferred to polyvinylidene difluoride membranes which were processed for immunoblotting. Membranes were first blocked in 5% milk in Tris-buffered saline with Tween (TTBS) (150 mM NaCl, 20 mM Tris-HCl pH 7.5, 0.05% Tween 20) for 45 min at room temperature, then incubated with primary antibody overnight at 4°C. Primary antibodies and dilutions used were anti-MSK1 (1:1000; Santa Cruz Biotechnology, Santa Cruz, CA), anti-MSK2 (1:500; Invitrogen, Calsbad, CA), anti-TATA-binding protein (TBP) (1:1000; Santa Cruz Biotechnology), anti-p44/42 MAPK (1:1000; Cell Signaling Technology, Danvers, MA), anti-phospho-p44/42 MAPK (1:1000; Cell Signaling Technology), anti-histone H3 (1:500; Millipore, Billerica, MA), anti-phospho-histone H3 (Ser10, 1:500; Millipore), antiacetyl-histone H3 (Lys14, 1:1000; Millipore), anti-dimethyl-histone H3 (Lys9, 1:1000; Millipore), anti-acetyl-histone H4 (Lys5/8/12/16, 1:1000; Millipore, Billerica, MA), anti-histone H4 (1:1000; Millipore), antiphospho-CREB (Ser133, 1:1000; Millipore), and anti-CREB (1:500; Cell Signaling Technology).
Subsequently, membranes were washed with TTBS and incubated with secondary antibody for 2.5 h at room temperature. Secondary antibodies used were horseradish peroxidase-conjugated goat anti-rabbit IgG heavy and light chain (Jackson ImmunoResearch, West Grove, PA) and horse anti-goat IgG heavy and light chain (Vector Laboratories, Burlingame, CA). Finally, membranes were washed with TTBS and 1ϫ TBS, and then immunolabeled by chemiluminescence (GE Healthcare, Piscataway, NJ). Luminescence was recorded onto BioMax MR films (Kodak Scientific Imaging Systems, Rochester, NY). ImageJ (National Institutes of Health, Bethesda, MD) was used to quantify integrated densities of each band on film.
Statistical analysis. Western blot immunodensities were analyzed using a one-way ANOVA followed by Tukey's multiple comparison test. Comparisons in freezing behavior, latencies, or platform crossings were analyzed using a one-way ANOVA followed by Tukey's multiplecomparison test. Significant differences were denoted by p Ͻ 0.05.
Results

MSK1 is highly expressed in the hippocampus and MSK1 knock-out mice display normal brain morphology
We first compared MSK1 knock-out and wild-type littermate mice to determine both MSK1 expression levels and overall brain morphology. We found that MSK1 is highly expressed in whole brain and hippocampus relative to other organs, whereas samples from MSK1 knock-out animals lack the immunoreactive band at 90 kDa on Western blots (Fig. 1 A) . Also, MSK2 expression in these tissues is unaffected, showing that this paralog is unlikely to mask biochemical and behavioral defects in MSK1 knock-out mice ( Fig. 1 A) . Nissl stains of sagittal brain sections from wildtype and MSK1 knock-out animals showed no gross alterations in cortical morphology or hippocampal structure ( Fig. 1 B, C) . This confirms previous results in which there were no obvious developmental brain alterations in these knock-out mice (BramiCherrier et al., 2005).
MSK1 knock-out mice have a deficit in long-term contextual fear memory
We hypothesized that MSK1, as a target of ERK signaling, would be important for proper associative fear conditioning. In our behavioral paradigm, we trained wild-type and MSK1 knock-out animals by pairing two sets of mild foot shocks with an associated context and an auditory cue. We found that 24 h after the training period, MSK1 knock-out mice exhibited significantly less freezing when reexposed to the context alone, whereas they exhibited less, but not significantly different, levels of freezing after reexposure to the cue in a different context (Fig. 2 A) . To assess whether the freezing deficit applies specifically to long-term memory, we tested short-term memory by measuring freezing behavior 1 h after training. We found that there were no significant differences in freezing between wild-type and MSK1 knock-out mice 1 h after training (Fig. 2 B) . This indicates that MSK1 knock-out animals are able to process the sensory stimulus of the foot shock and form an associative memory with both the context and the auditory cue, but have a deficit in 24 h memory.
In addition, we tested remote memory by measuring freezing behavior 7 d after training. There were equivalent levels of freezing in wild-type and MSK1 knock-out mice when tested for contextual and cued fear memory after 7 d (Fig. 2C) , indicating that the ability to form a remote memory is still intact. Thus, the contextual fear impairment appears to be selective for the 24 h time period. 
MSK1 knock-out mice have normal baseline behaviors
As additional control experiments for fear conditioning, we used a battery of baseline behavioral tests to assess anxiety, sensory perception, and motor performance in wild-type and MSK1 knock-out mice. We found that there was no significant difference in anxiety levels in the open field analysis, as measured by the center-to-total distance ratio over a 30 min testing period (data not shown). We found that latencies on the accelerating rotarod task were similar between wild-types and MSK1 knock-outs and that performance improved similarly across eight trials (Fig. 3A) , Figure 2 . MSK1 knock-out mice have a contextual fear conditioning deficit. A, Quantification of freezing behavior in wild-type (n ϭ 19) and MSK1 knock-out mice (n ϭ 13) during training, and contextual and cued tests 24 h post-training. MSK1 knock-out mice displayed significantly less freezing than wild-type mice during the contextual test. B, Quantification of freezing behavior in wild-type (n ϭ 10) and MSK1 knock-out mice (n ϭ 9) during contextual and cued tests 1 h post-training. C, Quantification of freezing behavior in wild-type (n ϭ 12) and MSK1 knock-out mice (n ϭ 11) during contextual and cued tests 7 d post-training. Error bars indicate SEM. An asterisk denotes a significant difference ( p Ͻ 0.05) as determined by Tukey's multiple-comparison test. Analysis of select baseline control behaviors in wild-type and MSK1 knock-out mice. A, Plot of latency times spent on rotarod device for wild-type (n ϭ 12) and MSK1 knockout mice (n ϭ 8) over eight trials. B, Measurement of shock thresholds to flinching, jumping, and vocalization behaviors for wild-type (n ϭ 13) and MSK1 knock-out mice (n ϭ 11). C, Comparison of percent inhibition of acoustic startle response for wild-type (n ϭ 18) and MSK1 knock-out mice (n ϭ 12) with different prepulses. Error bars indicate SEM.
indicating no abnormal motor coordination or cerebellar function. There was no significant difference in nociception or general sensory perception on the hot plate test (data not shown), and shock thresholds to flinching, jumping, and vocalization behaviors were similar (Fig. 3B) . Levels of prepulse inhibition were equivalent between wild-type and knock-out mice as a measurement of reflexes, hearing, and the acoustic startle response (Fig.  3C) . Finally, swim speeds during the Morris water maze task were similar, and escape latencies in the visible platform test were equivalent (data not shown), indicating no differences in visual perception or motivation. These results show that MSK1 knockout mice have a normal anxiety, sensory, nociceptive, and motor phenotype that cannot account for the observed difference in long-term contextual fear memory.
MSK1 knock-out mice have impaired passive avoidance and spatial learning
To further examine whether MSK1 is an important component of hippocampus-dependent memory, we tested wild-type and MSK1 knock-out mice in passive avoidance and the Morris water maze. In passive avoidance testing, animals learn to suppress their natural tendency to retreat from a lighted area to a darker area of the training chamber. We trained animals by placing them into an illuminated chamber and measured the latency with which the animals stepped over to the dark compartment, after which they received a mild foot shock. Twenty-four hours later, after representation into the lighted side, the latency for MSK1 knock-out animals to step over to the dark compartment was increased from the training day, but significantly shorter than for wild-type animals (Fig. 4 A) .
Next, we tested spatial learning with wild-type and MSK1 knock-out animals in the Morris water maze task. In our training paradigm, animals underwent 2 blocks of 4 training trials a day, for a total of 4 d (eight blocks). Using spatial cues in the room, the animals were required to locate a hidden platform in one quadrant of the pool. Over the course of training, the latencies to find the escape platform decreased in a similar manner for both wild-type and MSK1 knock-out animals (Fig.  4 B) , showing that all animals were able to learn some strategy to find the hidden platform. However, during the probe trial in which the hidden platform was removed, the amount of time MSK1 knock-out animals spent searching in the target quadrant was significantly less than wild-types, and was not significantly different from time spent in other quadrants (Fig.  4C) . Similarly, the number of platform crossings in the target quadrant was significantly less than for wild-types, but not significantly different when compared with other quadrants (Fig. 4 D) . Thus, MSK1 knock-out mice lack a spatially selective search strategy and were unable to locate the precise position of the hidden platform. Together, these results demonstrate that the loss of MSK1 affects several different forms of hippocampus-dependent memory, as measured by fear conditioning, passive avoidance, and the Morris water maze.
MSK1 regulates histone phosphorylation and acetylation after in vitro activation of ERK
We next asked whether the absence of MSK1 results in altered histone regulation in acute hippocampal slices in vitro after pharmacological activation of the ERK signaling pathway. Slices were assayed for histone modifications that signal for either activation or repression of transcription. Phosphorylation of histone H3 (Ser 10), acetylation of histone H3 (Lys 14), and acetylation of histone H4 (Lys 5/8/12/16) have been established as activator markers, whereas dimethylation of histone H3 (Lys 9) serves as a repressor marker (Berger, 2002) . We first used forskolin (FSK, 50 M), a drug that activates the cAMP/protein kinase A (PKA) pathway that leads to ERK activation. The phosphodiesterase inhibitor Ro20 -1724 (100 M) was added along with FSK to prevent breakdown of cAMP. When hippocampal slices were treated with FSK plus Ro20 -1724 for 1 h, phosphorylation and acetylation of histone H3 were significantly increased in wild-type slices, but not in MSK1 knock-out slices. There were no significant changes in histone H3 dimethylation or histone H4 acetylation with FSK stimulation (Fig. 5A) . A commonly accepted way to inhibit the ERK pathway is to inhibit its upstream kinase, ERK kinase (MEK). We found that preincubation of slices with U0126 (20 M), a selective inhibitor of MEK, for 10 min followed by FSK blocked the increases in histone H3 phosphorylation and acetylation in wild-type slices, and had no significant effect in MSK1 knock-out slices (Fig. 5A) . Levels of total histone H3 protein did not change with any treatment (Fig. 5A ). This indicates that ERK activation through cAMP/PKA regulates selective changes in histone H3, and that these changes are mediated by MSK1.
We also performed experiments using phorbol 12,13-diacetate (PDA; 3 M), a drug that activates the protein kinase C (PKC) pathway leading to ERK activation. In a similar manner, treatment of acute hippocampal slices with PDA led to significant increases in histone H3 phosphorylation and acetylation in wildtype slices, but not in MSK1 knock-out slices. There were no significant changes in histone H3 dimethylation or histone H4 acetylation with PDA stimulation (Fig. 5B) . Preincubation of slices with U0126 followed by PDA blocked the changes seen in histone H3 in wild-type slices, and had no significant effect in MSK1 knock-out slices (Fig. 5B) . Levels of total histone H3 were unchanged (Fig. 5B ). These data demonstrate that pharmacological activation of ERK through cAMP/PKA or PKC regulates selective changes in histone H3, and that MSK1 is a significant effector kinase downstream of ERK that mediates these changes.
MSK1 regulates histone phosphorylation and acetylation after fear training
To further support these findings, we asked whether the regulation of histone modifications in the hippocampus is altered in MSK1 knock-out mice with fear training. After our training paradigm (two pairs of mild foot shocks with an associated context and auditory cue), the hippocampi of wild-type and MSK1 knock-out animals were removed and assayed for histone modifications that serve as activator or repressor markers. We found that 1 h after training, phosphorylation and acetylation of histone H3 in the hippocampus were significantly increased in wild-type mice, although these modifications were not significantly changed in MSK1 knock-out mice (Fig. 6 A) . Dimethylation of H3 and acetylation of H4 were not significantly changed with training in either group of animals (Fig. 6 A) . Levels of total histone H3 were unchanged (Fig. 6 A) . Thus, the loss of MSK1 results in a selective deficiency in two markers of transcriptional activation. When we measured phosphorylation of ERK in the hippocampus 1 h after fear training, we found that there was a significant increase in ERK phosphorylation in both wild-type and MSK1 knock-out mice (Fig. 6 B) , showing that the activation of ERK signaling upstream of MSK1 is intact. There was no change in levels of total ERK (Fig. 6 B) . This indicates that the deficiency in histone phosphorylation and acetylation seen with MSK1 knock-out animals is not attributable to a loss of traininginduced ERK activation.
An inhibitor of histone deacetylase fails to compensate for the fear Conditioning deficit in MSK1 knock-out mice
Thus far, we have observed hippocampus-dependent memory deficits as well as a biochemical deficit in histone phosphorylation and acetylation in MSK1 knock-out mice. We next hypothesized that these deficits might be alleviated by administration of a HDAC inhibitor, sodium butyrate. Previous studies have established that inhibition of HDAC activity can help promote transcriptional activation, induce growth arrest in cell proliferation models of cancer, and ameliorate the effects of depression and neurodegenerative diseases such as Huntington's (Ferrante et al., 2003; Schroeder et al., 2007) . Interestingly, sodium butyrate injection in wild-type animals was found to enhance the formation of long-term memory (Korzus et al., 2004; Levenson et al., 2004) , and inhibition of HDAC activity also enhanced long-term potentiation in vitro (Levenson et al., 2004) . Therefore, we investigated whether the administration of sodium butyrate in MSK1 knockout mice leads to increased histone acetylation in the hippocampus, and whether the long-term fear memory deficit could be ameliorated in these animals.
We performed high-dose intraperitoneal injections of sodium butyrate (NaB; 1.2 g/kg) in wild-type and MSK1 knock-out mice, and measured histone acetylation in the hippocampus after 1 h. We found that in both wild-type and MSK1 knock-out animals, there was a significant increase in histone H3 acetylation compared with saline-injected controls, confirming the efficacy of the treatment (Fig. 7A) . There was no change in levels of total histone H3 (Fig. 7A) . We then performed injections of NaB 1 h before fear training (two pairs of shocks with context and auditory cue) in wild-type and MSK1 knock-out mice. We found that NaB had no significant effect on freezing behavior during training for either group of animals (Fig. 7B) . However, during the contextual test 24 h after training, freezing was increased in NaB-injected wild-type mice compared with saline-injected controls, whereas freezing in MSK1 knock-outs was unchanged (Fig. 7C) . Similarly, during the cued test 24 h after training, injection with NaB enhanced freezing behavior in wild-type mice compared with injection with saline, whereas there was no change in freezing behavior in MSK1 knock-out mice (Fig. 7D) . Interestingly, the NaB injection experiments revealed statistically significant deficits in both contextual and cued fear conditioning in MSK1 knock-out animals compared with wild-types (compare Figs. 2 A, 7C,D) . When measured 1 h after training, all animals displayed equivalent levels of freezing whether injected with NaB or saline, indicating that NaB has no effect on short-term memory (data not shown).
The effects of NaB on remote fear memory were examined by performing injections of NaB or saline before training, and measuring freezing behavior 7 d later. For the contextual test, we found that NaB injection led to enhanced freezing in wild-type mice after 7 d, whereas there was no change in freezing in MSK1 knock-out mice (Fig. 7E) . Likewise, for the cued test, NaB injection resulted in greater freezing in wild-type mice after 7 d, whereas there was no change in freezing in MSK1 knock-out mice compared with saline-injected controls (Fig. 7F ) . Latency times for wild-type (n ϭ 23) and MSK1 knock-out mice (n ϭ 13) to step into the dark compartment of the training chamber in the passive avoidance task. MSK1 knock-out mice have significantly shorter latency time on day 2 after training. B, Plot of latency times to find the escape platform for wild-type (n ϭ 14) and MSK1 knock-out mice (n ϭ 18) over eight trial blocks in the Morris water maze. C, Time spent in each quadrant of the Morris water maze pool 4 for wild-type (n ϭ 14) and MSK1 knock-out mice (n ϭ 18) during the probe trial. MSK1 knock-out mice spent significantly less time in the target quadrant than wild-type mice, lacking a spatially selective search strategy. D, Number of platform crossings in each quadrant for wild-type (n ϭ 14) and MSK1 knock-out mice (n ϭ 18) during the probe trial. MSK1 knock-out mice had significantly fewer platform crossings in the target quadrant than wild-type mice. Error bars indicate SEM. Asterisks denote a significant difference ( p Ͻ 0.05) as determined by Tukey's multiple-comparison test.
These experiments establish several findings. First, inhibition of HDAC activity in wild-type animals in vivo enhanced longterm contextual and cued fear memory, as expected from previous results (Korzus et al., 2004; Levenson et al., 2004) . Second, inhibition of HDAC activity in MSK1 knock-out animals in vivo did not significantly change long-term contextual and cued fear memory. This suggests that histone acetylation is not the only critical target of MSK1, as the impairment in hippocampusdependent memory formation in MSK1 mutants cannot be alleviated by HDAC inhibition.
MSK1 knock-out mice have impaired CREB phosphorylation after fear training and HDAC inhibition MSK1 has been identified previously as a major CREB kinase in the hippocampus (Sindreu et al., 2007) . Given that the efficacy of HDAC inhibition depends on normal activity of CREB and CREB-binding protein (CBP) (Vecsey et al., 2007) , a possible reason why fear memory was not rescued in MSK1 mutants is because CREB activation was still impaired. In a final set of experiments, we investigated the activation of CREB signaling in MSK1 knock-out mice. We asked whether the administration of sodium butyrate can affect CREB phosphorylation levels, and whether the regulation of CREB phosphorylation is altered after fear training and HDAC inhibition.
We trained wild-type and MSK1 knock-out mice (two pairs of cue and shock) and assayed for CREB phosphorylation in the hippocampus using nuclear extracts. We found that 1 h after training, CREB phosphorylation was significantly increased in wild-type mice, although it was not significantly changed in MSK1 knock-out mice (Fig. 8 A) . Levels of total CREB were unchanged (Fig. 8 A) . This is consistent with previous results in which fear training induces the activation of both MSK1 and CREB in hippocampal neurons (Sindreu et al., 2007) . We then performed intraperitoneal injections of sodium butyrate (1.2 g/kg) in wild-type and MSK1 knock-out mice, and measured CREB phosphorylation in the hippocampus after 1 h. We found that there was no change in CREB phosphorylation in either wild-type or MSK1 knock-out animals with NaB injection compared with saline-injected controls (Fig. 8 B) . There was no change in levels of total CREB (Fig. 8 B) .
Finally, we performed injections of NaB 1 h before fear training in wild-type and MSK1 knock-out mice. We found that CREB phosphorylation was significantly increased in wild-type animals in both saline-and NaB-treated groups (Fig. 8C) . However, there was no significant change in CREB phosphorylation in MSK1 knock-out animals in both saline-and NaB-treated groups (Fig. 8C) . Figure 5 . Regulation of histone modifications after in vitro stimulation of hippocampal slices. A, Quantification of immunoblot densities for phospho-histone H3 (P-H3), acetyl-histone H3 (Ac-H3), dimethyl-histone H3 (Di-Me-H3), and acetyl-histone H4 (Ac-H4). Treatment of wild-type hippocampal slices (n ϭ 7) with FSK (50 M) plus Ro20 -1724 (100 M) for 1 h significantly increased H3 phosphorylation and acetylation, whereas preincubation with U0126 (20 M) for 10 min followed by FSK blocked these changes. Treatment of MSK1 knock-out 4 hippocampal slices (n ϭ 7) with FSK plus Ro20 -1724 for 1 h did not result in any significant changes in histone modifications, and preincubation with U0126 for 10 min followed by FSK had no significant effect. Total histone H3 was unchanged. Representative immunoblots for P-H3, Ac-H3, and total H3 are shown for FSK treatments. B, Quantification of immunoblot densities for phospho-histone H3, acetyl-histone H3, dimethyl-histone H3, and acetyl-histone H4. Treatment of wild-type hippocampal slices (n ϭ 8) with PDA (3 M) for 1 h significantly increased H3 phosphorylation and acetylation, whereas preincubation with U0126 (20 M) for 10 min followed by PDA blocked these changes. Treatment of MSK1 knock-out hippocampal slices (n ϭ 8) with PDA for 1 h did not result in any significant changes in histone modifications, and preincubation with U0126 for 10 min followed by PDA had no significant effect. Total histone H3 was unchanged. Representative immunoblots for P-H3, Ac-H3, and total H3 are shown for PDA treatments. Drug-treated and vehicle-treated slices for each condition came from one individual animal. All drug-treated slices were compared with vehicle-treated (DMSO) controls and normalized to total protein loaded. Error bars indicate SEM. Asterisks denote significant differences ( p Ͻ 0.05) as determined by Tukey's multiple-comparison test.
Levels of total CREB were unchanged (Fig. 8C) . These data demonstrate that the absence of MSK1 leads to a deficiency in CREB phosphorylation with fear training, and this deficiency persists even after administration of the HDAC inhibitor sodium butyrate.
Discussion
This study shows that MSK1 knock-out mice have a deficiency in histone regulation and hippocampus-dependent memory for-4 mice (n ϭ 11) did not result in significant changes in histone modifications. Total histone H3 was unchanged. Representative immunoblots for P-H3, Ac-H3, and total H3 are shown for fear-conditioned animals. B, Quantification of immunoblot densities for phospho-ERK (P-ERK) and total ERK. Fear conditioning (2 pairs of tone and shock) resulted in a significant increase in ERK phosphorylation 1 h after training for both wild-type mice (n ϭ 11) and MSK1 knock-out mice (n ϭ 11). Total ERK was unchanged. Representative immunoblots for P-ERK and total ERK are shown for fear-conditioned animals. Each sample came from one individual animal. All samples were compared with naive controls and normalized to total protein loaded. Error bars indicate SEM. Asterisks denote significant differences ( p Ͻ 0.05) as determined by Tukey's multiple-comparison test. Figure 6 . Regulation of histone modifications and ERK phosphorylation after fear conditioning training. A, Quantification of immunoblot densities for phospho-histone H3 (P-H3), acetylhistone H3 (Ac-H3), dimethyl-histone H3 (Di-Me-H3), and acetyl-histone H4 (Ac-H4). Fear conditioning (2 pairs of tone and shock) in wild-type mice (n ϭ 11) resulted in a significant increase in H3 phosphorylation and acetylation 1 h after training, whereas training in MSK1 knock-out Figure 7 . NaB enhances fear memory in wild-type mice, but not in MSK1 knock-out mice. A, Representative immunoblots for Ac-H3 and total H3 are shown 1 h after NaB treatment compared with saline. Histone H3 acetylation increased in wild-type and MSK1 knock-out animals with NaB compared with saline-injected controls. Each sample came from one individual animal. B, Quantification of freezing behavior in wild-type (n ϭ 12) and MSK1 knock-out mice (n ϭ 18) during training. NaB had no significant effect on freezing in either group compared with saline. C, Quantification of freezing behavior in wild-type (n ϭ 12) and MSK1 knock-out mice (n ϭ 18) during the contextual test 24 h post-training. With saline injection, MSK1 knockout mice displayed significantly less freezing than wild-type mice. However, with NaB injection, freezing in wild-type animals was enhanced, whereas freezing in MSK1 knock-out animals was unchanged. D, Quantification of freezing behavior in wild-type (n ϭ 12) and MSK1 knock-out mice (n ϭ 18) during the cued test 24 h post-training. E, Quantification of freezing behavior in wild-type (n ϭ 8) and MSK1 knock-out mice (n ϭ 11) during the contextual test 7 d posttraining. F, Quantification of freezing behavior in wild-type (n ϭ 8) and MSK1 knock-out mice (n ϭ 11) during the cued test 7 d post-training. Error bars indicate SEM. Asterisks denote significant differences ( p Ͻ 0.05) as determined by Tukey's multiple-comparison test.
mation, and inhibition of HDAC activity in vivo fails to ameliorate the fear memory deficit in these animals. Furthermore, trained MSK1 knock-out mice have an impairment in CREB phosphorylation that persists after HDAC inhibition. These results establish MSK1 as a key regulator of chromatin structure in hippocampal neurons, and a critical effector kinase downstream of ERK. This suggests a model in which MSK1, as a final component of the pathway, is a juncture point at which the activity of cell surface receptors (NMDA, AMPA, various neurotransmitters), PKC, cAMP/PKA, MEK, and ERK is coupled with chromatin remodeling in the nucleus (Fig. 9) . This model is consistent with recent studies in which the coactivation of PKA, ERK/MAPK, MSK1, and CREB was found to depend on Ca 2ϩ -stimulated adenylyl cyclase activity (Sindreu et al., 2007) . Thus, it appears that MSK1 plays a complex role in regulating transcription: MSK1 mediates the readout of ERK signaling, and targets chromatin as well as CREB and other transcription factors.
Our behavioral assays demonstrate that MSK1 contributes to several forms of hippocampus-dependent memory. We found that MSK1 knock-out animals have a deficiency in contextual fear conditioning, but not cued fear conditioning, and display deficits in passive avoidance and spatial learning. Furthermore, the contextual fear deficit is present at 24 h, but not at 1 h or 7 d. These results indicate that there is a dissociation between the contextual and cued variants of the test with respect to MSK1, and there is a specific time window over which the fear impairment is manifested. Although fear responses to both contextual and cued stimuli require the integrity of the amygdala, contextual conditioning is more sensitive to hippocampal function (Phillips and LeDoux, 1992; Kim et al., 1993) . This strongly suggests that MSK1 plays a more prominent role in hippocampus-dependent rather than amygdala-dependent forms of learning. In addition, the temporal dissociation of contextual fear in MSK1 knock-outs suggests that MSK1 functions critically in the 24 h time period during which gene transcription is known to occur in the hippocampus (Levenson et al., 2004) . All of these data implicate the hippocampus as an essential site for MSK1 function in the mammalian brain.
We found that MSK1 mutants lack regulation of histone H3 phosphorylation and acetylation, and the loss is not attributable to a loss of ERK activation upstream. These results support the hypothesis that histone phosphorylation is catalyzed by MSK1 in hippocampal neurons. The identity of the histone H3 kinase has been debated at some length, with MSK1 and ribosomal S6-kinase-2 (RSK2) being the primary candidates. It has been reported that RSK2 phosphorylates histone H3 from analysis of Coffin-Lowry cells (Sassone-Corsi et al., 1999) , although in vitro assays with purified RSK2 showed that the kinase failed to phosphorylate histone H3 4 out mice (n ϭ 6) did not result in significant changes in CREB phosphorylation. Total CREB was unchanged. Representative immunoblots for P-CREB and total CREB are shown for fearconditioned animals. B, Representative immunoblots for phospho-CREB and total CREB are shown 1 h after NaB treatment compared with saline. There was no change in CREB phosphorylation in either wild-type or MSK1 knock-out animals with NaB compared with saline-injected controls. C, Quantification of immunoblot densities for phospho-CREB and total CREB. In wildtype mice (n ϭ 6), fear conditioning resulted in increased CREB phosphorylation in both salineand NaB-treated animals. In MSK1 knock-out mice (n ϭ 6), training did not result in significant changes in CREB phosphorylation in both saline-and NaB-treated animals. Thus, the deficit in CREB phosphorylation persists in MSK1 knock-out mice even after administration of NaB. Representative immunoblots for P-CREB and total CREB are shown for each treatment. Each sample came from one individual animal. All samples were compared with naive controls and normalized to total protein loaded. Error bars indicate SEM. Asterisks denote significant differences ( p Ͻ 0.05) as determined by Tukey's multiple-comparison test. Figure 8 . Regulation of CREB phosphorylation after fear conditioning training and HDAC inhibition. A, Quantification of immunoblot densities for phospho-CREB (P-CREB) and total CREB. Fear conditioning (2 pairs of tone and shock) in wild-type mice (n ϭ 6) resulted in a significant increase in CREB phosphorylation 1 h after training, whereas training in MSK1 knock- (Strelkov and Davie, 2002) . Later studies from mouse embryonic fibroblasts demonstrated that MSK1 is indeed the kinase that phosphorylates histone H3 (Soloaga et al., 2003) . However, these and the present study suggest a more complex picture of kinase regulation. For example, how does MSK1 achieve specificity in targeting a group of histone proteins? It is possible that MSK1 phosphorylates histones indiscriminately as part of a general metaplastic signal, or binds to specific target sequences or nuclear factors to affect transcription of a unique subset of genes. Also, what is the role of RSK2, Aurora, and other kinases? These may certainly phosphorylate histones at different residues or at different locations within the genome, in keeping with a "histone code" hypothesis of memory formation (Wood et al., 2006) . However, the regulation of histone acetylation is accomplished by the presence of histone acetyltransferases (HATs), complexes that directly catalyze acetylation (Fig. 9) . Several families of HATs have been identified, including Gcn5, a transcriptional coactivator, and p300/CBP (Brownell et al., 1996; Ogryzko et al., 1996; Reifsnyder et al., 1996) . Histone acetylation has generally been associated with upregulation of gene transcription: several coactivator complexes have intrinsic histone acetyltransferase activity, for example mediated by Gcn5 and CBP. We found that MSK1 regulates histone acetylation as a downstream effector of the ERK pathway. MSK1 may thereby target a subset of these HATs, achieving regulatory control of histone acetylation and thereby priming chromatin into a transcriptionally active state. In particular, it will be interesting to determine whether MSK1 regulates CBP, because it is the binding partner of CREB. MSK1 might coordinately regulate both CREB and CBP, or, alternately, CBP might be regulated independently of MSK1. The most parsimonious model is the first scenario, but the second model cannot be excluded at present based on available data.
HDAC inhibitors function in general to upregulate transcription by inducing histone hyperacetylation (Van Lint et al., 1996) . Sodium butyrate has been shown to significantly upregulate histone acetylation in the brain, and has been investigated as a possible treatment for disorders such as depression and Huntington's disease (Ferrante et al., 2003; Schroeder et al., 2007) . Our experiments show that a single sodium butyrate injection robustly enhanced long-term and remote fear memory in wild-type mice, but had no significant effect in MSK1 knock-out mice. Furthermore, sodium butyrate injection had no significant effect on CREB phosphorylation in MSK1 knockout mice. We interpret this as evidence that MSK1 has multiple parallel targets that contribute to proper consolidation of long-term memory, including both CREB and histone acetylation through HATs. These targets likely affect the transcription of a wide variety of genes that regulate memory formation and plasticity. Our findings are consistent with previous studies demonstrating that the effects of HDAC inhibition are mediated by the CREB:CBP transcriptional complex (Vecsey et al., 2007) . One caveat to this interpretation is that sodium butyrate, although a broad spectrum HDAC inhibitor, may not target the relevant HDAC isoform necessary to reverse the effects of loss of MSK1. Furthermore, the histone type whose acetylation contributes to memory enhancement after HDAC inhibition may be different from histone H3. Regardless, selective amelioration of defects in histone acetylation is unable to alleviate the memory defect in our fear paradigm. This supports a combinatorial requirement for histone modifications as well as the necessity of intact CREB signaling in memory formation.
Our findings support the general hypothesis that there is an epigenetic "histone code" for memory formation (Wood et al., 2006) . Multiple post-translational histone modifications may be integrated together, combinatorially driving gene expression patterns by remodeling the structure of chromatin or by recruiting signaling complexes (Jenuwein and Allis, 2001) . Thus, there is a mapping of multiple histone alteration states onto subsets of genes that are transcribed as a result of those changes. We have shown that the ERK/MAPK cascade regulates chromatin structure in the hippocampus, and MSK1 is a key mediator of the effects of ERK activation. Interestingly, histone H3 phosphorylation at Ser 10 and acetylation at Lys 14, both transcriptional activation markers, are significantly increased with fear training; however, histone H4 acetylation at Lys 5/8/12/16, also an indicator for activation, is unchanged. At a minimum, this shows that patterns of histone regulation are specific for the type of modification as well as the residue on which it occurs. In addition, overall patterns of histone modifications do not necessarily reflect those at the single-gene level. However, we hypothesize based on our findings that MSK1 regulates histone phosphorylation and acetylation as part of a "histone code" that is interpreted as a pattern of gene transcription specific to hippocampus-dependent memory.
Our results also support the idea that chromatin acts as a signal integration platform (Schreiber and Bernstein, 2002) . Each of the core histones contains N-terminal tails on which the majority of histone modifications take place (Peterson and Laniel, 2004) . Each modification may be targeted by separate, independent signaling pathways that converge after reaching the nucleus, Figure 9 . Model of MSK1 in chromatin regulation in memory formation. The activity of cell surface receptors is coupled with the activation of PKC, PKA, MEK, ERK, and finally MSK1. MSK1 regulates a diverse set of targets in the nucleus, including histones (phosphorylation and acetylation), transcription factors (e.g., CREB), and HATs, leading to upregulation of gene transcription. GLU, Glutamate; DA, dopamine; 5HT, 5-hydroxy-tryptophan; NMDA-R, NMDA receptor; AMPA-R, AMPA receptor; NT-R, neurotransmitter receptor; AdC, adenylyl cyclase.
and chromatin itself may serve as a scaffold on which disparate signals are integrated. We have shown that phosphorylation and acetylation of histone H3 are targeted by ERK and MSK1 in hippocampal neurons; however, studies in cultured embryonic fibroblasts have also implicated the p38 MAPK and SAPK2 pathways in targeting histone phosphorylation and acetylation (Thomson et al., 1999) . Both mitogen-activated and stressactivated pathways may target histones independently, and their effects on transcriptional output may be additive, redundant, or even antagonistic. additional work will be needed to determine precisely what other signaling pathways may be involved, and how their relative contributions in histone regulation are integrated to produce a coordinated transcriptional output.
In summary, we demonstrated in this study that MSK1 regulates hippocampal chromatin remodeling in memory formation. MSK1 knock-out mice display deficits in long-term fear conditioning, passive avoidance, and spatial learning, and show abnormal regulation of histones both in vivo and in hippocampal slices in vitro. The fear deficit is not alleviated by treatment with the histone deacetylase inhibitor sodium butyrate. Furthermore, MSK1 knock-out mice exhibit a deficit in CREB activation after fear training and sodium butyrate treatment. We conclude that MSK1 plays a significant role in the hippocampus as a nuclear kinase downstream of ERK signaling.
